Solid waste represents a key issue that threatens environmental quality in Egyptian urban areas. One of the most viable options to treat such an issue is to incinerate the collected solid waste for electricity generation, which can reduce the cost of solid waste disposal as well as pollution and generate surplus energy. Selecting appropriate site for a solid waste incineration power plant is a crucial step due to its economic and environmental implications. This would require assessing various constraining and favorable factors that determine feasibility and sustainability of the power plant site. This paper is intended to develop a GIS-based model for siting a municipal solid waste incineration power plant in Alexandria governorate, Egypt. For this purpose, five criteria are considered and a composite index was suggested to integrate these criteria in a numerical term reflecting suitability of various parts of the governorate for siting solid waste incineration power plant.
Introduction
Municipal solid waste is considered to be one of the key issues that threaten environmental quality in urban areas in developing countries [1] - [3] . This is mainly due to the increasing quantities of generated municipal solid waste caused by ever increasing population, rapid urbanization and shifting consumption patterns [4] . On the other hand, limited solid waste management capacities, especially in developing countries, are exuberating the problem as well as its economic and environmental implications. It is worth mentioning that an efficient municipal solid waste management system is concerned not only with effective collection of generated municipal solid wastes but also with proper utilization of the solid waste in recycling, treatment or disposal in sanitary landfills [1] .
One of the most viable options to treat properly municipal solid waste is utilization of solid waste for power generation. Generating power from solid waste through incineration involves reducing the cost of solid waste disposal and generating much needed energy. From environmental point of view as considerable proportions of municipal solid waste are organic matters that form part of a bio-cycle, therefore, converting wastes to electricity through combustion may not contribute to increasing CO 2 concentration in the atmosphere [5] . Still, there is a need to carefully consider the conversion process in order to reduce any potential adverse impacts from the emissions that could be emitted.
Site selection for municipal solid waste incineration power plant is one of the essential steps to ensure the proper planning and implementation of such a plant. Generally, site selection for a certain activity requires conducting suitability analysis involving, based on the type of activity, a variety of criteria. The main objective of suitability analysis, in general, is to identify the most appropriate spatial pattern for future land uses by classifying various parts of the considered area according to their suitability for a particular activity [6] . This is done according to specific requirements and preferences of the proposed activity taking into account a number of constraining and favoring factors that represent the requirements and preferences of this activity.
Suitability analysis for siting municipal incineration solid waste power plant should consider mainly economic and environmental issues associated with its operation [7] . This means that the site of solid waste incineration power plant should contribute not only to ensure feasibility of the plant, but also to mitigate environmental adverse impacts that may be arisen from such a plant.
Generally, three main categories of criteria for siting solid waste incineration power plant are typically suggested; exclusionary, avoidance and suitability ones. Exclusionary criteria represent the requirements that should be satisfied by the site and whatever site is not satisfying these requirements should be excluded. Avoidance criteria are those requirements, which should be fulfilled, at varying degrees, by the site to mitigate annoying factors that may be resulted in by the plant. Meanwhile, suitability criteria represent those criteria that affect the relative suitability of different potential sites [8] .
To conduct suitability analysis, there is a need to integrate wide range of spatial variables that represent different factors determining the location optimization [9] . For this purpose, GISs have been employed in suitability analysis due to their capabilities to deal with spatial data. In this context, it was argued that suitability analysis is one of the most valuable applications of GIS [6] .
Despite that there is a considerable number of suitability analysis studies that have been undertaken for siting power plants applying GIS techniques, suitability analysis for siting municipal solid waste incineration power plants was rarely considered e.g. [10] . The power plants siting studies have mostly focused on siting nuclear power plants e.g. [11] and renewable energy power stations e.g. [12] - [17] . This paper is intended to develop a GIS-based model for siting solid waste incineration power plant in Alexandria Governorate, Egypt. Such a model, it is thought that, can support the sustainability of Alexandria city through proper treatment of solid waste issue and generating surplus electrical energy.
Case Study
Alexandria governorate is located to the north west of the Nile Delta on the Mediterranean Sea (Figure 1) . The governorate includes the second largest urban center in Egypt with a total population of 4.6 million in 2012 [18] . Alexandria plays a major role in the Egyptian economy, as it hosts the main port in Egypt, which has about 75% of the total capacity of Egyptian ports on the Mediterranean Sea. Alexandria also hosts 4417 industrial firms, employing about 201,000 workers. These firms produce about 40% of Egypt's total industrial production [19] .
Alexandria governorate covers a total area of 2416 km 2 , of which the built-up area of Alexandria city covers 440 km 2 , representing about 18.3% of total governorate area. The built-up area of the city has a longitudinal shape extending from northeast to southwest between the coastline and Lake Maryuit. This is mainly due to site characteristics. Also, wetlands, which represented in Lake Maryuit covers about 233.44 km 2 accounting for 9.69% of the total governorate area. The southern parts Alexandria governorate is dominated by cultivated land, which covers about 40.15% of the total governorate area. Meanwhile, a considerable proportion (31.90%) of the governorate area is derelict land that extends mainly in the southwestern parts of the governorate (Figure 1 ). Alexandria as most Egyptian urban areas has been suffering accumulation of considerable quantities of solid waste in the streets [3] . The per capita municipal solid waste generation in Egyptian urban areas ranged between 0.7 -1.0 kg/day [20] , which means the total amount of solid waste generated daily in Alexandria was about 4000 tones. The collected municipal solid wastes are transferred to three transfer stations located in Mohamram Bek, Um Zeghu and El Montazah (Figure 1) . Thereafter, the non-recyclable materials are transferred to a sanitary landfill in Burg El Arab to be disposed.
In reality, the illegal dumping and open burning of the solid waste are common practices in different parts of the city. Also, the solid waste collection coverage in Alexandria governorate is about 65% [4] . This means that about 2600 tones of solid waste are collected daily. Such inefficient municipal solid waste management system adversely affects environmental quality in the city. Meanwhile, the city has been already suffering from electricity blackouts, especially in summer times, due to shortage in fuel supply forcing the government to reduce the loads on power grids. Utilization of solid waste for power generation, in such a case, can be seen as a reasonable option to treat solid waste properly.
Methodology
Site selection for the solid waste power plant in Alexandria governorate was carried out through a four-steps methodology (Figure 2) .
1) Identifying siting criteria
The site selection decision for the solid waste incineration power plant should consider a wide range of factors that ensure selecting not only appropriate locations but also the most optimal one for the plant [9] . Accordingly, for the purpose of this study, the following criteria were identified ( Table 1 ). The more distant sites are better to avoid noise, odor and other annoying factors.
Land availability 5) Existence of vacant or derelict land
The selected site should not be currently used or allocated for a certain use.
• Minimum operation cost A relatively large proportion of the operational cost of the power plant is associated with solid waste transportation, which in turn can affect the economic feasibility of the power plant [9] [10] . Minimizing transportation cost, in the case of the solid waste incineration power plant, entails selecting sites that are relatively close to the potential sources of solid waste [7] [21] . Also, Minimizing transportation cost can be attained by highly accessible sites that ensure steadily supply of solid waste [10] .
Accordingly, the site of solid waste incineration power plant is preferable to be close to main roads and close to landfills and/or transfer stations as potential source of solid waste.
Nearness to landfill is also crucial in the case of solid waste incineration power plant for disposing residues [7] . Yet, It should be noted however that considering landfills and/or transfer stations as potential sources of solid waste for the power plant assumes efficient solid waste management and consequently high levels of solid waste collection.
• Proximity to the electrical grid
To ensure proper utilization of the generated electricity, the solid waste incineration power plant needs to be located in sites that are close to the existing electricity grid [7] [10] and where connections may be made.
• Minimum conflicts with sensitive land use Some nuisance factors, such as odor, noise or emissions could not be avoided in the case of the solid waste incineration power plant. This means that selected sites should be located away from sensitive land uses e.g. residential areas, educational and health services, etc. [7] [10] [21] . This, consequently, implies that the longer the distance between the power plant site and sensitive land uses is the better in order to avoid and/or mitigate the adverse impact of these annoying factors.
• Availability of land
The site of solid waste incineration power plant should not be currently used or allocated for a certain activity. This means that the selected sites should be within the vicinity of undeveloped or derelict lands.
2) Data preparation This step involves representing each assessment criterion spatially in a GIS layer. For this purpose, land use pattern, roads, electricity grids were digitized from topographic map scale 1:50,000 for Alexandria. This includes the delineation of land use patterns highlighting the built-up area of the governorate and sensitive land uses such as residential areas as well as educational, health care services… etc. This also involves delineating undeveloped or derelict parcels of land as well as the locations of landfill and transfer stations of the solid waste.
Thereafter, these vector layers were utilized in creating a number raster surfaces that represent the spatial variations of each criterion within the boundaries of Alexandria governorate. Through GIS, Euclidean Distance Tool, a number of raster surfaces representing distance to landfill and transfer stations as most potential sources of solid waste, distance to main roads reflecting the accessibility, distance to sensitive land uses, and distance to electricity grids were created.
3) Developing a suitability index To integrate various criteria for selecting the most suitable site for the solid waste incineration power plant, a composite suitability index was developed. The index consists of four main variables; namely: distance to sensitive land uses, distance to main roads, distance to solid waste transfer stations and landfill and distance to electricity grid. The suggested index aims at assessing various parts of the case study, in a numerical term, according to the considered criteria.
The created raster surfaces represented these four variables were firstly normalized. The raster surface of nearness to sensitive land uses was normalized according to the following formula:
where: X = Pixel value. Nx = Normalized pixel value. X max = Maximum pixel value. While, the raster surfaces of the distance to landfill and transfer stations, nearness to grid and closeness to main roads were normalized according to the following formula:
It should be noted that these two different normalization formulas are due to varied nature of the relationships between the considered variables and the suitability level. For example, while the suitability is positively correlated with the distance to sensitive land uses, i.e. distant locations are expected to be more suitable compared to close locations, suitability is negatively correlated with distance to landfill and transfer stations, distance to roads and distance to electricity grid, i.e. close locations are more suitable than distant locations. Accordingly, the resulting pixel values of each individual normalized raster surface range between 0 and 1, representing the least and highest levels of suitability, respectively. Finally, the composite suitability index was calculated through aggregating the four variables, using equal weight scheme, according to the following formula: It should be noted that the application of equal weight scheme was decided due to the nature of various primary indicators (variables), which represent totally different dimensions or criteria of assessment and have no interrelationships. Also, such equal weight scheme was necessitated by relatively similar variations of these variables. Usually, more varied indicators (variables) provide wide range of options compared to less varied indicators. So that, the weight assigned for a certain criterion should reflect the range of different options provided by this criterion [22] . In this respect, the primary indicators (variables) of the suitability index were found to have relatively similar standard deviation ranging between 0.18 and 0.20. This, accordingly, indicates that there is no significant difference between the considered criteria in terms of provided different options for siting solid waste power plant.
As a result of aggregating process, a raster surface was created with pixel values ranging between 0 for least suitable locations and 1 for most suitable locations. 4) Selecting the suitable site This step involves applying the main exclusionary factor in the selection process, which is availability of land. For this purpose, the raster surface of composite suitability index generated in the previous step was masked by undeveloped and derelict land layer. Thereafter, different parts of the masked raster surface, that represent a number of appropriate sites, were classified and evaluated on the basis of their local characteristics to identify the most optimal site for the solid waste incineration power plants.
Results and Discussion
Each of the normalized raster surfaces of the developed criteria ranked various parts of Alexandria governorate, according to their suitability for siting the solid waste incineration power plant. According to the normalized distance to main roads, it was found that the eastern and central parts of Alexandria governorate show high levels of accessibility and therefore suitability with pixel values exceeding 0.900. Meanwhile, accessibility decreases notably in both the westward and southwestward directions (Figure 3(a) ). Accordingly, siting solid waste incineration power plant in the eastern and central parts of the governorate; highly accessible parts, can contribute to minimizing cost of solid waste transportation, and ensure regular and smooth transfer of solid waste.
Similarly, the eastern and central parts of the governorate have high values of normalized distance to landfill and transfer stations of solid waste. This is due to the skewed distribution of transfer stations, which are concentrated in central and eastern part of the governorate (Figure 3(b) ). This creates an additional advantage for siting the solid waste incineration plant in these parts of the governorate as this would assist in minimizing solid waste transportation cost. Moreover, this can ensure cost-effective and environmentally-friend disposal of residues.
In contrast, western and southwestern parts of the governorate reveled high level of suitability according to distance to electricity grids with high value of normalized distance to electricity grids exceeding 0.920 ( Figure  3(c) ). Furthermore, the same parts have shown high values of normalized distance to sensitive land uses, as they are distant enough from sensitive land uses (Figure 3(d) ). This also, emphasized the suitability of western and southwestern parts of the governorate for siting of the solid waste incineration power plant.
It should be noted that considering each criterion of analysis individually cannot provide comprehensive evaluation and might be misleading, especially as various criteria revealed contradicting results as shown in the preceding paragraph. In such a case, the composite suitability index can assist in avoiding such contradicting results and ensure an integrated suitability analysis. The calculated values of the composite suitability index ranged between 0.250 and 0.755, reflecting lowest and highest levels of suitability in Alexandria, respectively. Generally, the eastern and central parts of Alexandria governorate showed higher index value relative to the western and southwestern parts (Figure 4) . It should be noted that the high index value prevailed in the eastern and central parts of Alexandria can be explained by their being high accessible and relatively close to landfill and transfer stations. Nevertheless, applying availability of land as an exclusionary criterion all eastern and southeastern parts of the governorate were excluded as they are already used and have no parcels of undeveloped or derelict land. Accordingly, the western and southwestern parts of Alexandria governorate were found suitable for siting solid waste incineration power plant. These suitable parts were then reclassified according to their value of suitability index into three main categories; namely, most suitable parts with index value exceeding 0.6, moderately suitable parts with index value ranging between 0.5 and 0.6, and finally least suitable parts with index value below 0.5 ( Figure 5 ). This classification is intended for highlighting the most suitable sites for the solid waste incineration power plant.
As a result of the classification, five sites were found to be highly suitable for siting solid waste incineration power plant. These sites cover a total area of 252.59 km 2 located in El Amreyia and Burg El Arab districts in addition to New Burg El Arab city and adjacent desert area south west of Alexandria. These highly suitable sites were, thereafter, evaluated according to site characteristics. In this context, it was found that three of these sites, suited to the northward of a number of human settlements and cultivated land, are not suitable for siting the solid waste power plant. This is mainly due to the dominant wind direction in the area, which is north to northwest. Accordingly these sites are located upwind of settlements and cultivated land and, consequently, may be adversely affected by any potential annoying factors produced by the solid waste incineration power station.
These suitable parts were then reclassified according to their value of suitability index into three main categories; namely, most suitable parts with index value exceeding 0.6, moderately suitable parts with index value ranging between 0.5 and 0.6, and finally least suitable parts with index value below 0.5 ( Figure 6 ) covering an . These sites satisfy different site selection criteria and also are close to the landfill site, which means no additional cost for disposing residues from incineration power plant.
Conclusions
Utilization of municipal solid waste in electricity generation in Alexandria may support sustainability of the city as it contributes largely to decreasing the quantities of solid waste that need to be disposed, which means, in turn, prolonging the lifetime of the landfill. Moreover, this would increase the supply of electrical energy. Yet, improving efficiency of municipal solid waste management system can boost the feasibility of the power plant, as this would mean ensuring regular flow of solid waste for the power plant.
The developed methodology for siting solid waste incineration power plant considers a number of criteria in an integrated approach. The methodology provides, in a quantitative term, a measure for site suitability. This, in turn, can ensure a holistic suitability analysis for identifying most optimal sites for solid waste incineration power plant.
The application of the developed methodology assisted in identifying a number of suitable sites covering a total area of 252.59 km 2 located mainly in the western and southwestern parts of Alexandria governorate. A closer site suitability analysis work identified two sites, located in the southwestern desert area, covering an area of about 130 km 2 deemed to be optimal for siting of the incineration power plant. It is worth mentioning that the suggested methodology, in the research work in hand, may be developed further by considering additional criteria such as impacts on traffic in urban areas and technical characteristics of the power plant, which were not the focus of this paper.
